Research in context***Background of previous research*Bipolar disorder (BD) is characterized by acute episodes of mania and depression separated by phases of relative remission. Dysfunctions in large-scale functional networks have been implicated in both emotional and cognitive dysregulation, which may contribute to the clinical symptoms of BD.Clarifying the neural mechanisms that underlie the similarities and differences between acute episodes and remission would advance the neurobiological understanding of BD and potentially provide objective markers for treatment planning. Thus, the databases PubMed, Web of Science and Embase were searched for articles published before Jan 1st, 2020, for a comprehensive and systematic meta-analysis to address this issue.*Added value of this study*The current study demonstrated that BD patients had an acute-state-related functional shift toward hypoconnectivity within the affective network (AN) and trait-related abnormalities within the default-mode network (DMN), which might provide clinically useful information for targeted therapeutic interventions in BD.*Implications of the available evidence*Hypoconnectivity within the AN may be characteristic of acute episodes, reflecting deficits in mood regulation, while altered connectivity within the DMN across mood states implies trait-related cognitive impairments. Dysfunctions in large-scale functional networks in the acute state compared to the remitted state might reflect core emotional and cognitive dysfunctions in BD patients.**Alt-text: Unlabelled box

1. Introduction {#sec0001}
===============

Bipolar disorder (BD), a debilitating psychiatric disorder whose lifetime prevalence varies from 0.6 to 5% in different countries \[[@bib0001],[@bib0002]\], is characterized by mood fluctuations between an acute episodic state of either mania or depression and a remitted or euthymic state. The treatment for BD is to stabilize the acute mood episode, with the aim of bringing the patient from mania or depression to a symptomatic recovery with normalized (stable) mood [@bib0003]. Even with ongoing psychiatric care, approximately 73% of BD patients receiving pharmacotherapy experience another acute episode of affective illness within 5 years [@bib0004]. Therefore, clarifying the distinct neural mechanisms of the acute and remitted states is particularly important in preventing recurrent episodes and keeping patients' symptom free, as well as selecting treatments for individual patients \[[@bib0005],[@bib0006]\].

Previous studies have proposed that abnormal communications in large-scale functional networks may underlie the pathophysiology of BD \[[@bib0007],[@bib0008]\]. Among these studies, functional magnetic resonance imaging (fMRI) studies have revealed aberrant resting-state functional connectivity (rsFC) in the default-mode network (DMN), the frontoparietal network (FPN), the salience network (SN) and the affective network (AN) or limbic network in patients with BD compared to healthy controls (HCs) \[[@bib0007], [@bib0008]\], but these abnormalities varied depending on whether mood was controlled or not \[[@bib0009],[@bib0010]\]. For instance, abnormal functional connectivity in the DMN has often been reported in BD patients during acute episodic states [@bib0011] but not during remission. This difference may reflect a normalization of DMN functional connectivity in the remitted state [@bib0012]. In addition, hypoconnectivity between the AN and the anterior DMN was found in BD patients during acute episodes [@bib0013], but hyperconnectivity between the AN and the anterior DMN \[[@bib0014],[@bib0015]\] was found in clinically remitted BD patients compared to HCs. Moreover, one study directly compared FC patterns of the ANs, which consists of emotion-processing areas such as the amygdala, subgenual anterior cingulate cortex (sgACC) and ventrolateral prefrontal cortex (VLPFC), between patients in acute mood states and in the remitted state, and they found that the connectivity between the sgACC and the amygdala is critically affected during acute mood episodes, while sgACC--VLPFC coupling plays a key role in mood normalization [@bib0016]. A recent systematic review of all rsFC studies in individuals with remitted BD suggested that stability of the DMN, FPN and SN might reflect a state of remission [@bib0012], but the authors admitted that the study was limited by the heterogeneity of the analytical methods.

Taken together, these results suggest that clinically remitted BD patients do not have entirely normalized intrinsic cerebral function but may have some characteristic changes related to the next mood relapse. Network differences between different mood states may have important implications for personalized treatment and preventive strategies in BD management [@bib0017]. However, the exact neural mechanism underlying different mood states in BD patients remains unclear, and few studies have directly compared the patterns of network functions related to these different states [@bib0018]. Thus, synthesizing results from published studies will be an important way to help clarify whether those network alterations are static traits of BD or represent different states of mood control.

In the present study, we aimed to perform a meta-analysis of whole-brain seed-based resting-state functional connectivity (rsFC) studies in BD patients to synthesize the findings of each large-scale brain network and compare the intrinsic function of brain networks between active and remitted states. We applied the strategy proposed by Kaiser and his colleagues, which categorized seeds and corresponding effect regions into a priori functional network parcellations based on their coordinate locations [@bib0019]. A meta-analysis was then performed for each seed network to identify consistent patterns of functional connectivity alterations across studies. This approach has been applied to study many psychiatric disorders, including major depressive disorder [@bib0019], schizophrenia [@bib0020], obsessive--compulsive disorder [@bib0021] and early psychosis [@bib0022], but it has not yet been applied in BD. We hypothesized that BD patients in acute episodes and those in remission would display distinct patterns of abnormal functional connectivity in their large-scale brain networks.

2. Materials and methods {#sec0002}
========================

2.1. Search strategy {#sec0003}
--------------------

Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, an online search was conducted in the databased PubMed, Web of Science and Embase for literature published before Jan 1st, 2020. The keywords used in the search were ("bipolar disorder" OR "bipolar affective disorder") AND ("functional magnetic resonance imaging" OR "fMRI" OR "resting state" OR "functional connectivity"). We then manually searched the references of the included studies and pertinent review articles.

2.2. Study selection criteria {#sec0004}
-----------------------------

The inclusion criteria were as follows:The study was an original work of peer-viewed fMRI research;The patients included in the study were diagnosed with BD according to the Diagnostic and Statistical Manual of Mental Disorders (DSM) or International Classification of Diseases (ICD) criteria;The study directly compared BD patients in different mood states with HCs;Whole-brain seed-based rsFC analysis was performed;The peak coordinates were reported in standard stereotaxic spaces (e.g., Montreal Neurological Institute (MNI) or Talairach).

Studies were excluded if 1) they did not differentiate patients according to whether they were in an acute mood state or a remission state; 2) they did not compare seed-based rsFC between BD and HCs at the whole-brain level; or 3) the coordinates of between-group effects could not be retrieved even by contacting the author. If two studies had overlapping samples and selected the same seed, the one with the larger sample was included in the analysis. Importantly, studies on the same samples using different seeds were considered separate datasets. Meanwhile, studies in which distinct BD groups were compared with a single HC group were coded as distinct datasets.

2.3. Data extraction {#sec0005}
--------------------

First, we classified the mood states of BD patients in each study. Patients in periods of clinical remission (euthymia) were considered the remitted group (BD in remission, BDR). Conversely, patients having acute mood episodes (mania, depression, or mixed) were coded as the acute group (BD in acute state, BDA).

Second, location information (e.g., the coordinates, a prior template, or a standard atlas) of each seed and peak coordinates of each significant between-group effect for each seed were extracted. We categorized each seed into one of seven seed networks according to its location within the a priori network parcellation [@bib0023], [@bib0024], [@bib0025], which included the DMN, AN, FPN, dorsal attention network (DAN), ventral attention network (VAN), somatomotor network (SMN) and visual network (VIS).

Third, the effects of rsFC were also categorized into two groups according to the direction of the effect: hyperconnectivity (BD patients \> HC) and hypoconnectivity (BD patients \< HC). Studies with null findings (i.e. those that reported no between-group differences in rsFC or whose effects did not survive statistical correction) were also included. Two investigators independently conducted the data extraction and double-checked the information, and disagreements were resolved by discussion.

2.4. Meta-analysis {#sec0006}
------------------

The meta-analysis was performed using the anisotropic effect size version of seed-based *d* mapping (AES-SDM) software package v5.141 (<http://www.sdmproject.com/software>), which is a statistical technique for meta-analysis of neuroimaging studies based on peak coordinates of identified effects [@bib0026]. It first recreated the effect-size maps of differences between groups for each study based on the peak coordinates of the effects and statistics (*T*-value, *Z*-value or *p*-value) by assigning an effect size to each voxel relying on its distance to close peak coordinates [@bib0027]. Both positive and negative coordinates were reconstructed in the same map, which is important for preventing a particular voxel from erroneously appearing to have effects in opposite directions at the same time [@bib0028]. Then, individual maps from each study were combined using meta-analytic calculations, and meta-analytic maps were constructed for each seed network of the BDR and BDA groups separately. Subsequently, quantitative comparisons between the BDR and BDA groups were performed for each seed network to directly calculate the rsFC differences between the two groups.

Statistical significance was determined using standard permutation tests with an uncorrected *p* = 0.005 as the main threshold. This value has been suggested to ensure an optimal balance between sensitivity and specificity and to be an approximate equivalent to a corrected *p* value of 0.05 in AES-SDM based on empirical validation [@bib0029]. To further reduce the false positive errors, we used an additional *Z*-based threshold of \|*Z*\| \>1 and an extent threshold of 100 voxels [@bib0030].

2.5. Sensitivity analysis and meta-regression analysis {#sec0007}
------------------------------------------------------

A jackknife sensitivity analysis was conducted to evaluate the robustness and reliability of the results. This analysis repeats the main statistical analysis multiple times, excluding a different study each time. If a previous significant finding remains significant in all combinations of studies, or in at least 80% of the studies, it can be regarded as replicable.

To investigate the potential effects of relevant demographic and clinical variables, we performed meta-regression analyses with sex ratio, mean age and percentage of medicated patients as the regressors. The results were thresholded at a lower uncorrected value of *p* \< 0.0005 as well as an extent threshold of 100 voxels to minimize the detection of false correlations [@bib0028].

2.6. Heterogeneity analysis and publication bias {#sec0008}
------------------------------------------------

Interstudy heterogeneity was assessed by converting the QH statistics (a specific Q statistic in SDM to assess inter-study heterogeneity) to *Z* scores. Clusters that showed significant heterogeneity and overlapped with the main results were considered heterogeneous between studies.

Funnel plots and Egger\'s test in AES-SDM were used to test the possibility of any publication bias [@bib0031]. Funnel plots are generated to visualize any possible publication bias, while Egger\'s test is a quantitative method of assessing asymmetry in the funnel plots and can therefore be used as an indicator of publication bias. Results showing *p* \< 0.05 on Egger\'s test were considered to have significant publication bias.

3. Results {#sec0009}
==========

3.1. Included studies and sample characteristics {#sec0010}
------------------------------------------------

The search yielded 39 datasets from 30 publications with a total of 1047 BD patients, which included 554 patients in the acute mood state (405 depression, 142 mania, 7 mixed), 493 patients in the clinical remission state, and 1081 HCs. Detailed sample characteristics are shown in [Table 1](#tbl0001){ref-type="table"} in the supplement. After the seeds from each study were categorized into a priori functional networks, 22 datasets with 32 DMN seeds, 19 datasets with 25 AN seeds, 9 datasets with 9 FPN seeds, 10 datasets with 8 VAN seeds, 4 datasets with 4 SMN seeds and 3 datasets using the thalamus (a region that does not belong to any of the 7 networks) as the seed were included (see Table S1 in the online Supplement). Ultimately, studies with DMN and AN seeds were included in the quantitative meta-analysis, while studies with seeds in other networks were not subjected to meta-analysis because the datasets were insufficient to provide acceptable statistical power [@bib0032]. To make up for this shortcoming, we added the detailed findings of each study to specify the FC alterations in each state (see Table S2 in the online Supplement). A flowchart of the search strategy and study selection is shown in [Fig. 1](#fig0001){ref-type="fig"}.Table 1Summary of the demographic characteristics of studies included in the meta-analysis.Table 1StudyBD (female)StateHCs (female)Mean age ± SDSubtypeIllness durationMedicated (%)BDHCsDickstein et al. 2010 [@bib0080]15(5)BDR15 (8)13.7  ±  3.314.0  ±  3.1BD-I--100%Chai et al. 2011 [@bib0101]14 (5)BDA-mania15 (6)32.7  ±  3.037.3  ±  2.4BD-I--100%Torrisi et al. 2013 [@bib0102]20 (10)BDR20 (10)42.1  ±  11.439.8  ±  12.6BD-I22.7  ±  11 Y85%Najt et al. 2013 [@bib0103]13 (7)BDR15 (6)43.08 ± 11.3736.13 ± 12.13BD-I--100%Reinke et al. 2013 [@bib0104]21 (9)BDR20 (8)35.67 ± 10.6836.9  ±  11.06NA--100%Favre et al. 2014 [@bib0105]20 (10)BDR20 (10)42.0  ±  10.743.7  ±  11.1BD-*I* = 13, BD-II=5, NOS=215.6  ±  9.3 Y100%Knochel et al. 2014 [@bib0106]21 (9)BDR21 (9)35.67 ± 10.6836.95 ± 11.10BD-I7.62 ± 5.82 Y100%Anticevic et al. 2014 [@bib0107]40 (32)BDR56 (32)30.2  ±  11.531.25 ± 10.3NA11.48 ± 9.1 Y82%Stoddard et al. 2015 [@bib0108]14 (3)BDR20 (11)14.6  ±  2.514.3  ±  2.3BD-*I* = 11, BD-II=3--71%Li ML et al. 2015a [@bib0082]10 (3)BDA-depression28 (12)30.90 ± 8.9431.05 ± 7.53BD-*I* = 7, BD-II=379.80 ± 78.59 M100%Li ML et al. 2015b [@bib0082]18 (8)BDA-mania28 (12)31.67 ± 6.98BD-*I* = 16, BD-II=262.89 ± 74.24 M100%Magioncalda et al. 2015 [@bib0046]40 (27)BDA-depression=11, BDA-mania=11, BDA-mixed=7, BDR=1140 (26)44.6  ±  11.843.9  ±  12.8BD-I20 ± 11.4 M97.5%Oertel-Knöchel et al. 2015 [@bib0109]21 (9)BDR20 (8)35.67 ± 10.6836.90 ± 11.06BD-*I* = 217.62 ± 5.82 Y100%Singh et al. 2015 [@bib0061]20 (11)BDA-mania23 (14)17.21 ± 1.8916.86 ± 1.43BD-*I* = 20--100%Lui et al. 2015 [@bib0110]57 (39)BDR59 (33)34 ± 1338 ± 17NA16.89 ± 12.71 Y100%Li ct et al. 2015 [@bib0079]20 (6)BDR20 (7)41.6  ±  11.341.8  ±  10.6BD-*I* = 2016.1  ±  10.3 Y100%Martino et al. 2016a [@bib0081]21 (18)BDA-mania42 (27)45.6  ±  11.844.3  ±  12.7BD-I20.9  ±  14.6 Y99%Martino et al. 2016b [@bib0081]20 (13)BDA-depression42 (27)44.9  ±  10.944.3  ±  12.7BD-I19.5  ±  10.8 Y100%Martino et al. 2016c [@bib0081]20 (12)BDR42 (27)43.1  ±  1144.3  ±  12.7BD-I18.2  ±  9 Y99%Lv et al. 2016a [@bib0111]23 (13)BDA-depression28 (15)26.17 ± 4.4224.82 ± 6.62NA53.81 ± 45.37 M86.95%Lv et al. 2016b [@bib0111]19 (9)BDR28 (15)27.79 ± 6.7124.82 ± 6.62NA65.33 ± 55.59 M100%Altinay et al. 2016a [@bib0083]30 (17)BDA-depression30 (18)34 ± 1131 ± 10BD-*I* = 12, BD-II=1835 ± 30 W0%Altinay et al. 2016b [@bib0083]30 (19)BDA-mania30 (18)33 ± 1131 ± 10BD-*I* = 16, BD-II=1425 ± 32 W0%Brady et al. 2016a [@bib0013]28 (8)BDA-mania23 (7)27.5  ±  10.729.7  ±  10.9BD-I--89%Brady et al. 2016b [@bib0013]24 (8)BDR23 (7)30.9  ±  11.929.7  ±  10.9BD-I--95.8%Ambrosi et al. 2017 [@bib0014]36 (20)BDA-depression40 (16)31.0  ±  11.335.5  ±  14.4BD-1, BD-II--100%Li J et al. 2017 [@bib0112]46 (18)BDR66 (30)31.5  ±  9.731.6  ±  9.4NA55.58 ± 60.5 M78.26%Minuzzi et al. 2017 [@bib0076]32 (32)BDR36 (36)29.0  ±  8.0732.8  ±  8.32BD-*I* = 18, BD-II=1418.63 ± 6.8 Y100%Chen LX et al. 2018 [@bib0015]43 (26)BDA-depression47 (25)27.9  ±  9.129.7BD-II=4334.2  ±  54.8 M0%Gong et al. 2018 [@bib0047]96 (44)BDA-depression100 (55)27.33 ± 9.229.32 ± 9.01BD-II=9647.84 ± 61.05 M44.79%Whittaker et al. 2018 [@bib0113]35 (22)BDR23 (14)44.71 ± 5.5144.00 ± 4.48BD-*I* = 16, BD-II=19--88.6%Li GZ et al. 2018 [@bib0114]19 (9)BDR25 (10)38.79 ± 12.0333.40 ± 8.21BD-*I* = 6, BD-II=133.95 ± 3.30 Y100%Wang et al. 2018 [@bib0115]25 (16)BDR25 (17)28.55 ± 9.7628.65 ± 9.66BD-II=2540.20 ± 44.86 M100%Yin et al. 2018 [@bib0077]21 (11)BDA-depression70 (39)29.29 ± 8.3529.36 ± 8.082NANA42.86%Chen GM et al. 2019 [@bib0085]90 (42)BDA-depression100 (55)26.74 ± 8.7328.32 ± 0.01BD-II=9048 ± 61.54 M0%He et al. 2019 [@bib0084]25 (12)BDA-depression34 (18)34.28 ± 8.6533.53 ± 11.08BD-1 = 14, BD-II=11--84%**Total10471081**[^2]Fig. 1Flowchart of the research strategy and literature selection. Abbreviations: bipolar disorder (BD); healthy controls (HC); affective network (AN); default mode network (DMN); regional homogeneity (ReHo); amplitude of low-frequency fluctuation (ALFF); fractional ALFF (fALFF); independent component analysis (ICA).Fig 1

3.2. Abnormal connectivity within the AN {#sec0011}
----------------------------------------

Hypoconnectivity was found between the AN seeds and the right inferior temporal gyrus (ITG) and the left subgenual anterior cingulate cortex (sgACC) in BDA patients relative to HCs (see [Table 2](#tbl0002){ref-type="table"} and [Fig. 2](#fig0002){ref-type="fig"}). However, there was no altered within-AN connectivity in BDR patients compared with HCs. Meanwhile, direct comparison between the active and remitted groups revealed hypoconnectivity within the AN (located in the right ITG and the left sgACC) in the BDA patients.Table 2Results of meta-analysis of altered AN resting-state functional connectivity in BD patients compared with HCs.Table 2Seed networkSeed regionEffect networkEffect regionMNI coordinatesSDM-ZP valueVoxels**AN**amygdala, sgACC, OFC, ventral striatum***BDA* vs. *HC (datasets=10)***BDA \> HCDMNLeft dACC extending to DMPFC−4, 40, 181.574\<0.00011508FPNLeft cerebellum−44, −52, −381.0720.0016439DMN and FPNRight cerebellum42, −66, −34−1.2390.00101883ANRight ITG44, 6, −44−2.082\<0.0001517ANLeft NAcc extending to OFC, sgACC−12, 14, −4−1.5120.0005443***BDR* vs. *HC (datasets=9)***BDR \> HCDMNLeft rACC extending to VMPFC−2, 36, −81.1490.0005899BDR \< HCSMNRight SMA12, −36, 72−2.474\<0.00011067***BDA* vs. *BDR***BDA \> BDRSMNRight SMA12, −36, 721.895\<0.0001887BDA \< BDRANLeft NAcc extending to OFC, sgACC−12, 16, −6−1.2500.0002506ANRight ITG44, 6, −44−1.454\<0.0001364[^3]Fig. 2Results of meta-analysis of altered resting-state functional connectivity for the affective network (AN) in patients with bipolar disorder (BD) compared with the healthy control (HC) group. The top line shows seeds (indicated by white dots) located in the a priori AN mask (yellow). The second-to-last line separately illustrates patients with BD in the acute state (BDA) relative to the HC group, patients with BD in remission (BDR) relative to the HC group and a comparison between BDA (vs. HC) and BDR (vs. HC). Red refers to hyperconnectivity (BD\>HC), and blue refers to hypoconnectivity (BD\<HC).Fig 2

3.3. Abnormal connectivity between the AN and regions of the DMN, FPN, SMN {#sec0012}
--------------------------------------------------------------------------

Hyperconnectivity was found between the AN seeds and regions of the ventromedial prefrontal cortex (VMPFC) and the dorsal medial prefrontal cortex (DMPFC) in the DMN in BDA and BDR patients relative to HCs (see [Table 2](#tbl0002){ref-type="table"} and [Fig. 2](#fig0002){ref-type="fig"}). Both hyperconnectivity and hypoconnectivity were found between the AN seeds and the left and right regions of the cerebellum, spreading across the DMN and the FPN, respectively, in the BDA patients. In addition, hypoconnectivity was found between the AN seeds and areas of the supplementary motor area (SMA) in the SMN in the BDR group; however, in a direct comparison between the acute and remitted groups, hyperconnectivity was found between the AN seeds and regions of the SMA in the BDA group.

3.4. Abnormal connectivity within the DMN {#sec0013}
-----------------------------------------

BD patients in acute mood episodes showed hypoconnectivity between the DMN seeds and regions of the posterior cingulate cortex (PCC) and medial prefrontal cortex (MPFC) compared with HCs (see [Table 3](#tbl0003){ref-type="table"} and [Fig. 3](#fig0003){ref-type="fig"}). In contrast, compared with HCs, BD patients in clinical remission showed hyperconnectivity between the DMN seeds and regions of the PCC relative to HCs. When comparing acute and remitted groups directly, we found that BDA patients exhibited within-DMN hypoconnectivity relative to BDR patients, also peaking in the PCC.Table 3Results of meta-analysis of altered DMN resting-state functional connectivity in BD patients compared with HCs.Table 3Seed networkSeed regionEffect networkEffect regionMNI coordinateSDM-ZP valueVoxels**DMN**ACC, PCC, MPFC, MTG, VLPFC, HIPP, VSS, caudate, cerebellum, precuneus***BDA* vs. *HC (datasets=14)***BDA \> HCFPNLeft DLPFC−34, 38, 121.6590.0002408DANRight dorsal-anterior precuneus8, −52, 722.001\<0.0001435BDA \< HCDMNRight PCC/precuneus4, −54, 28−1.7050.0002188DMNRight DMPFC/SFG16, 62, 16−2.2590.0003545***BDR* vs. *HC (datasets=8)***BDR\>HCDMNLeft PCC/precuneus−10, −54, 382.5850.0002885***BDA* vs*. BDR***BDA \> BDRDANRight dorsal-anterior precuneus8, −52, 721.042\<0.0001385BDA \< BDRDMNLeft PCC/precuneus−10, −54, 38−2.473\<0.00011428[^4]Fig. 3Results of meta-analysis of altered resting-state functional connectivity for the default mode network (DMN) in patients with bipolar disorder (BD) compared with the healthy control (HC) group. The top line shows seeds (indicated by white dots) located within the a priori DMN mask (red). The second-to-last line separately illustrates patients with BD in the acute state (BDA) relative to the HC group, patients with BD in remission (BDR) relative to the HC group and a comparison between BDA (vs. HC) and BDR (vs. HC). Red refers to hyperconnectivity (BD\>HC), and blue refers to hypoconnectivity (BD\<HC).Fig 3

3.5. Abnormal connectivity between the DMN and regions of the DAN and FPN {#sec0014}
-------------------------------------------------------------------------

BD patients in acute episodes showed hyperconnectivity between the DMN seeds and regions of the right dorsal-anterior precuneus in the DAN as well as regions of the left dorsolateral prefrontal cortex (DLPFC) in the FPN (see [Table 3](#tbl0003){ref-type="table"} and [Fig. 3](#fig0003){ref-type="fig"}). However, no altered between-network connectivity was observed in the BDR patients relative to HCs. When the acute and remitted groups were compared directly, hyperconnectivity was found between the DMN seeds and the dorsal-anterior precuneus in acute BD patients relative to remitted patients.

3.6. Sensitivity analysis and meta-regression analysis {#sec0015}
------------------------------------------------------

The jackknife sensitivity analysis revealed that the result in the right SMA remained in all combinations of datasets. All the other results remained in all but one or two combinations of datasets. Details on the results of the sensitivity analysis are listed in Tables S4--7 (online Supplement).

Linear regression analyses showed that the mean age, the percentage of female patients and the percentage of medicated patients were not associated with BD-related rsFC changes in either the remitted group or the acute group.

3.7. Heterogeneity analysis and publication bias {#sec0016}
------------------------------------------------

There was no significant between-group heterogeneity observed in the results for AN and DMN data.

None of the clusters reported above showed significant publication bias based on Egger\'s test (*p* \> 0.05) except the right DMPFC/SFG (Egger\'s test *p* = 0.042). Funnel plots are presented in Fig. S1-12.

4. Discussion {#sec0017}
=============

This study provided the first meta-analytic evidence of abnormal rsFC within and between several functional brain networks in BD patients in the acute episodic state of illness and during clinical remission. We found that hypoconnectivity within the AN existed in the acute episodic state but not in the remitted state. Similar hypoconnectivity within the DMN was observed in acute episodes, but it was replaced by hyperconnectivity in the remitted state. Additionally, we observed different between-network dysconnectivity patterns between these two groups; the patterns are summarized in [Fig. 4](#fig0004){ref-type="fig"}. These observations indicate a functional shift of the AN and DMN between the acute and remitted states; this shift appears to be involved in dysfunctions of emotion processing and cognitive regulation and may provide clinically useful information for targeted therapeutic interventions in BD.Fig. 4Dissociated abnormalities in large-scale brain networks between acute and remitted patients with bipolar disorder (BD). Acute-state-related hypoconnectivity within the AN and DMN and AN--DMN hyperconnectivity might reflect dysregulated emotional processing and cognition in BD patients during the active phase. However, there is also remitted-state-related hyperconnectivity within the DMN and between the AN and DMN, which may underlie abnormal cognitive regulation during remission. Both findings indicate that abnormal emotional processing is a state-related impairment that is evident in acutely ill patients but normalized with remission. Cognitive dysregulation is a trait-related impairment in BD patients that is common in both acute and remission states. BDA, BD in acute state; BDR, BD in remission; HC, healthy control.Fig 4

4.1. Abnormalities within the AN {#sec0018}
--------------------------------

Reduced rsFC was observed in the AN, encompassing seed regions such as the amygdala, sgACC and striatum and effect regions including the right ITG, the left nucleus accumbens (NAcc), the sgACC and the orbitofrontal cortex (OFC), which are involved in emotion processing. These limbic regions have strong anatomical and functional connections and form circuits that regulate mood and emotion as well as the response of the amygdala to environmental stress [@bib0033]. This finding supports the theoretical model that BD is closely related to emotional dysregulation. Interestingly, these abnormalities were apparent only in the acutely ill state. Many studies have reported that amygdala responses to emotional stimuli are increased in BD during the acute state \[[@bib0034],[@bib0035]\]. However, these studies have not found such activity increases in individuals with BD during remission. In addition, some studies have suggested that prefrontal cortex (PFC) activity during remission may compensate for or reduce amygdala overactivation to maintain attentional and memory performance \[[@bib0036],[@bib0037]\]. Moreover, previous network-based studies also revealed abnormal connectivity within the affective-related network in acutely ill bipolar patients \[[@bib0038],[@bib0039]\] but found no differences in the rsFC of the AN between remitted BD patients and controls \[[@bib0040],[@bib0041]\]. Thus, our finding of hypoconnectivity within the AN during acute illness compared to both BDR patients and HCs supports the hypothesis of disruption in the neural emotion regulatory model in symptomatic episodes in BD \[[@bib0032],[@bib0036],[@bib0042],[@bib0043]\]. Meanwhile, normalized FC within the AN in BDR patients compared to HCs and increased functional connection of AN modules in BDR patients compared to acutely ill patients may contribute to the improved function of the network and the improved emotion processing observed during remission [@bib0044].

4.2. Abnormalities within the DMN {#sec0019}
---------------------------------

Connectivity between elements of the DMN is increased in BDR patients (vs. HCs) and, in the case of midline cortical structures, is decreased during acute episodes of BD (vs. both HCs and BDR patients). Imbalanced connectivity in this circuitry might represent a mood-state-dependent abnormality across acute/remitted states \[[@bib0008],[@bib0017],[@bib0045]\]. Previous studies found that the hypoconnectivity between the anterior and posterior DMN in manic BD patients versus HCs might be related to an attention pattern that is excessively focused on external stimuli at the expense of internal reflection [@bib0046]. In contrast, the hypoconnectivity within the posterior DMN in depressive BD patients versus HCs might be related to rumination and working memory impairment [@bib0047]. Hyperconnectivity between the anterior DMN and posterior DMN in BDR compared to HCs might indicate heightened planning in relation to the visual environment; it may also predispose these patients to relapse or new episodes and may help to explain why psychotherapies, such as mindfulness, are effective in BDR patients [@bib0048]. However, previous studies using independent component analysis found no differences in the rsFC of the DMN between BD patients during clinical remission and HC \[[@bib0040], [@bib0049]\] or even hypoconnectivity in remitted BD patients \[[@bib0039],[@bib0050]\]. This inconsistency might arise from the heterogeneity of samples, such as different BD types or histories of psychosis. Abnormalities within the DMN were common but inverted between acute and remitted states, which implies that impairment of the DMN is a trait in this disorder and affects individuals with BD differentially during different mood states.

4.3. Abnormalities between the AN and the DMN {#sec0020}
---------------------------------------------

The present meta-analysis also revealed hyperconnectivity in BD patients between the AN and regions located in the MPFC and ACC. Previous studies have indicated that emotional and cognitive processing are principally modulated by ventral and dorsal medial prefrontal regions [@bib0051], respectively, and the reciprocal interaction between these regions may be modulated by the ACC [@bib0052], [@bib0053], [@bib0054]. During remission, the rostral ACC (rACC) may be overactivated [@bib0055], whereas the dorsal ACC (dACC) is underactivated [@bib0056], indicating a possible dissociation within the ACC related to the control of an affective and cognitive activity or persistent/residual illness. We observed hyperconnectivity in the BDR between the rACC/VMPFC and the AN as well as hyperconnectivity in acutely ill patients between the dACC/DMPFC and the AN compared to HCs. The former hyperconnectivity pattern might be associated with increased top-down processes in emotion regulation at rest during remission \[[@bib0044], [@bib0045], [@bib0057], [@bib0058]\]. However, the latter hyperconnectivity pattern might relate to attention toward self-referential or introspectively oriented mental activity \[[@bib0051],[@bib0059], [@bib0060], [@bib0061], [@bib0062], [@bib0063]\] or increased reward processing \[[@bib0058],[@bib0061],[@bib0064],[@bib0065]\] during acute states of BD.

4.4. Abnormalities between the AN and the cerebellum {#sec0021}
----------------------------------------------------

Our study also provides evidence for imbalanced connectivity between AN and regions in the cerebellum supporting cognitive control or emotion. Lobules VI, VII, VIII of the posterior lobe, as well as the crus, have been linked to cognition; the posterior vermis has been associated with emotion; and lobules I--V have been related to sensorimotor function [@bib0066]. The cerebellum has anatomical connections to the limbic system, which may underlie its role in affective processes [@bib0067], [@bib0068], [@bib0069]. The role of the cerebellum, particularly the vermis, in emotional behaviors is increasingly recognized, and individuals with cerebellar lesions have been noted to have mood symptoms [@bib0070]. Thus, altered input from the cerebellum to the AN in acute BD (involving the DMN and FPN) may contribute to cognitive and affective dysregulation during acute episode BD.

4.5. Abnormalities between the DMN and networks involved in cognitive regulation {#sec0022}
--------------------------------------------------------------------------------

Although mixed, the present meta-analysis also demonstrated hyperconnectivity between brain systems involved in self-referential and frontal parietal systems involved cognition and execution, also known as task-positive networks (TPNs). These regions, such as the DLPFC, are preferentially active during tasks that demand external attention [@bib0071]. TPN activity typically has an inverse relation to DMN activity, reflecting the switching between directed activity/planning and reflective activity at rest [@bib0072]. Previous studies have proposed that the ventral precuneus is part of the DMN, while the dorsal-anterior precuneus is part of the DAN [@bib0073], [@bib0074], [@bib0075]. Moreover, Zhang et al. reported that the dorsal-anterior precuneus is relevant to the attentional monitoring of spatial behavior [@bib0075]. Thus, hyperconnectivity between the DMN and the left DLPFC in acute BD and hyperconnectivity between the DMN and dorsal-anterior precuneus might be related to compensatory cognitive activity aimed at restraining affect and behavior, which may be impairments specific to acute illness.

4.6. Abnormalities in the FPN, VAN and SMN {#sec0023}
------------------------------------------

Meta-analyses of the FPN, VAN, DAN, SMN and VIS were not performed due to insufficient data in the original studies, so we narratively reviewed the findings of these studies. No study chose seeds in the DAN and VIS, suggesting a bias in seed selection across the existing rsFC studies. Hypoconnectivity between the VAN seeds (insula, putamen) and regions of the SMN (somatosensory cortex, superior temporal gyrus) was found both in the BDR and BDA groups \[[@bib0076],[@bib0077]\]. Altered functional connectivity between FPN seeds (DLPFC, SFG) and regions of the AN \[[@bib0078],[@bib0079]\] and SMN [@bib0080] was observed in the BDR patients, but whether these abnormalities existed in the BDA patients needs to be further clarified.

4.7. Narrative review of abnormalities in manic and depressed states {#sec0024}
--------------------------------------------------------------------

In our included studies, four studies analyzed BD mania (BDM) or BD depression (BDD) separately \[[@bib0046],[@bib0081], [@bib0082], [@bib0083]\]. Altinay M et al. [@bib0083] found that two caudate regions showed uniquely increased FC in BDM and two putamen regions showed uniquely increased FC in BDD; these changes are likely to be state-related changes. However, several common FC abnormalities, which might be trait-related, were detected in both the BDM and BDD patients compared to the HCs. In one study, Martino M and Magioncalda P [@bib0081] et al. found decreased FC between the anterior and posterior parts of the cingulum in BDM patients compared to both BDD patients and HCs. In another study [@bib0046], different FC abnormalities were shown between BDM and BDD patients, and these FC findings during mania and depression correlated with the severity of the manic and depressive symptoms, respectively. In Li\'s study [@bib0082], both BDM and BDD patients showed similar amygdala FC reductions, but subtle opposing FC abnormalities were found between BDM and BDD patients. We visually inspected the findings from other studies referring to BDM or BDD only, and similar \[[@bib0083],[@bib0084]\] and different \[[@bib0083],[@bib0085]\] network dysfunctions were reported (with the exception of opposing results) between the two states. There are also studies investigated functional abnormalities in different phases of BDA using other measures such as global signal topography, which showed distinct and in some cases opposing network abnormalities in BDM and BDD \[[@bib0086],[@bib0087]\]. However, there are also a number of studies uncovered many similar findings between BDM and BDD [@bib0088], [@bib0089], [@bib0090]. Limited by insufficient datasets for BDM and BDD, we were not able to conduct separate analyses for the two episodes in a meta-analytic way. Our findings regarding BDA are the merged results of both mania and depression, so different alterations between mania and depression may be obscured or missed. Future studies specifically detecting FC abnormalities in both BDM and BDD are needed to discover biomarkers of active episodes of illness.

4.8. Medication effects {#sec0025}
-----------------------

A major consideration is that the majority of studies included in the current meta-analysis (20 out of 23) recruited medicated individuals with BD, such that subgroup analysis of medication-naïve patients could not be conducted given the small number of studies in this category (*n* = 3); therefore, interpretation specifically with respect to bipolar pathophysiology is challenging. However, we conducted a meta-regression analysis between the percentage of medicated patients and rsFC changes in this study, and no correlation was shown. Medication seemed to normalize abnormal fMRI changes rather than cause spurious results in BD patients [@bib0091].

We found hypoconnectivity between the SMN and the AN in remitted patients compared to both acutely ill patients and HCs, which might be an effect of medication that causes a reduction in FC between the amygdala and posterior and premotor areas [@bib0044]. In contrast to the amygdala, which is involved in motivation-related aspects of emotion recognition [@bib0092], [@bib0093], [@bib0094], the right SMA has been linked to emotion recognition processes that entail reliance on internal representation of body states \[[@bib0062],[@bib0063],[@bib0095],[@bib0096]\]. Notably, Kanske et al. [@bib0097] observed increased activity in the SMA during an emotion regulation task that was negatively coupled with amygdala activity in healthy adults. Aron et al. [@bib0098] proposed that the SMA, DLPFC, and striatum comprise a network mediating motor and cognitive inhibition, which is an area of dysfunction in BD [@bib0099]. On the other hand, atrophy of the postcentral gyrus [@bib0076] in BDR patients (versus HCs) might also result in a reduced FC. Both factors lead to impairment of motor and cognitive inhibition [@bib0099] and a disruption in internal representation of body states in BDR patients \[[@bib0062],[@bib0063],[@bib0095],[@bib0096]\]. Future studies will be needed to confirm whether medication mediates these rsFC abnormalities in BD patients.

4.9. Limitations and future directions {#sec0026}
--------------------------------------

It is important to consider the limitations of this study when interpreting the findings. First, an important question unanswered by the current meta-analysis is how rsFC abnormalities differ between during manic and depressive episodes. The insufficient primary data of the included studies limited our analysis of this issue. In addition, DMN hyperconnectivity could be also related to residual depressive symptoms (more so than to residual manic symptoms) during euthymia [@bib0100]. Given this information, future longitudinal studies are needed to understand the evolution of network functioning and symptomology across states of depression, mania, and euthymia in BD. Moreover, the correlations between abnormalities and depression/mania symptoms should be analyzed to understand which abnormalities are mood-state non-specific and which are emotional valance related. Second, the present meta-analysis focused entirely on whole-brain seed-based rsFC studies, which do not cover findings from alternative analytic methods, such as edge-based statistics and independent component analysis. Since relatively few prior studies have implemented these methods with BD samples, it was not possible to implement these alternative methods for meta-analytic purposes. Third, the effects of head motion, physiological influences, and arousal in the scanner may substantially affect the results. Unfortunately, it was not possible to test the moderating effects of such variables (Table S3 in the online Supplement), which merit future investigation. Fourth, almost all the patients in our sample were undergoing pharmacotherapy. Thus, it is unclear to what extent these rsFC abnormalities were related to acute or chronic treatment effects. In addition, the numbers of studies for medicated and unmediated patients and the subtypes of BD (BD-I and BD-II) were not sufficient for separate analysis.

5. Conclusion {#sec0027}
=============

In summary, our findings highlight the different patterns of intrinsic function in large-scale brain networks between acute and remitted patients with BD, which were associated with distinct emotional and cognitive characteristics between the two states. The function of the affective network is likely to depend on the patient\'s emotional state, while the DMN plays a regulatory role throughout the disease course. Our findings provide clinically useful information for the development of alternative treatment strategies for BD patients during active episodes or remission.
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